A GM1 ganglioside erythroimmunoassay for the detection of heat-labile Escherichia coli enterotoxin (LT) was developed for use in poorly equipped laboratories in developing countries. This assay is based on the immunological similarity between Vibrio cholerae toxin and LT and uses cholera toxin antiserum and sheep anti-rabbit immunoglobulin covalently coupled to sheep erythrocytes as conjugate. This assay has the following advantages over other currently available techniques: the reagents it uses are stable, in particular, tanned and sensitized sheep erythrocytes; GM1 ganglioside is commercially available; erythro-adsorption can be read with the naked eye; the test can be completed in 1 day; and as little as 4 ng of V. cholerae toxin or LT per ml can be detected accurately. The GM1 ganglioside erythroimmunoassay showed good quantitative and qualitative correlation with the Vero cell assay and the conventional GM1 enzyme-linked immunosorbent assay. The GM1 ganglioside erythroimmunoassay was somewhat less sensitive than the GM1 enzyme-linked immunosorbent assay but more sensitive than the Vero cell assay. Results obtained for 12 LT-positive and 138 LT-negative E. coli strains correlated with results obtained with GM1 enzyme-linked immunosorbent and Vero cell assays.
Enterotoxigenic Escherichia coli (ETEC) is a causative agent of diarrheal diseases in humans and domesticated animals (33, 38) . A heat-labile enterotoxin (LT) (7, 10, 23, 41) and two families of heat-stable enterotoxins (ST), STa (5, 6, 22, 36) and STb (5, 25) , have been implicated in the pathogenesis. Despite the importance of the problem (38) , titration of LT and ST as well as identification of toxin-producing strains can presently be accomplished in only a few laboratories in the world (43) . Assays used to detect and titrate LT required serological assays (16, 30, 31, 34, 39, 47) , animals (8, 11, 13, 14) , tissue cultures (12, 25, 37, 44) , special equipment (4, 9, 17, 24, 32, 33, 35, 41, 45, 48) , or sterile environments (12, 26, 37, 44) .
In the erythroimmunoassay (ERIA) (27) , which is based on the same principles as the enzyme-linked immunosorbent assay (ELISA), erythrocytes are used instead of enzyme as marker. The ERIA has been found to be serviceable for assaying different antigens (27, 28) , even in tropical countries where refrigeration is often not available. Erythrocytes, which are available even in remote areas, allow antigen to be detected with the naked eye, and techniques for handling them and maintaining their stability are well established. Our aim was to develop a simple and reproducible in vitro technique to detect and titrate LT, suitable for routine clinical work in developing countries. In this study a GM1 ERIA (GERIA) is described which uses microtitration plates with V-shaped wells coated with GM1, rabbit anti-Vibrio cholerae toxin (CT) serum, and sheep anti-rabbit antibodies covalently coupled to sheep erythrocytes (SE) as conjugate. GERIA was compared with the GM1 ELISA (45) and the Vero cell assay (VCA), using culture supernatants from a large number of ETEC strains previously isolated in the South Pacific (19, 20) (20, 21) . In addition, five well-known ETEC strains, H10407 (078:H11, LT/ST), H10407P (078:H11, LT), PB176 (06:H16, ST/LT), E8775A (025:H42, LT/ST), and E11940 (0128:H42, LT), kindly provided by B. Rowe (Public Health Laboratory Service, London, England) were studied. Fifteen freshly isolated nonenterotoxigenic strains collected from New Caledonia inhabitants who had not been abroad or who had not recently been on antibiotic therapy and who had normal stools and no abdominal complaints were used as controls. Twelve LT-positive and 138 LT-negative E. coli strains were isolated and identified with the methods of reference, i.e., GM1 ELISA and VCA, and tested with the GERIA, from infants with acute diarrhea at the Central Territorial Hospital of Noumea (New Caledonia), during the course of this investigation.
Cultivation. The standard medium used was Casamino Acids-yeast extract medium described elsewhere (14) , supplemented with 1% Noble agar (Institut Pasteur Production, Paris, France) before autoclaving.
A loopful of bacteria was inoculated into 50-ml culture flasks, each containing 5 ml of Casamino Acids-yeast extract medium. Bacterial cultures were grown for 18 h in a rotary shaker at 50 rpm and 37°C. After growth the bacteria were removed from the supernatant by centrifugation for 20 min at 12,000 x g. The clear supernatant was filtered through cellulose acetate filters with a pore size of 0.22 ,um (Millex; given 21 days later, followed by three injections of 100 ,ug of CT in the same buffer with adjuvant at 10-day intervals. After 1 week, the rabbits were bled by cardiac puncture, and the sera were pooled, titrated, and stored in equal proportions at -70°C. The titer of antisera, determined as previously described (18), was 2,400; the working dilutions of the antisera were determined within the specific assay systems by checkboard titrations (18) .
Coupling of SE with sheep anti-rabbit IgG antibody. SE stored at 4°C in sterile Alsever solution were centrifuged at 1,500 x g and washed five times with cold PBS. Washed SE were coupled with antibody purified by affinity chromatography according to the one-step glutaraldehyde method (1, 2) . Briefly, 0.5 mg of sheep anti-rabbit immunoglobulin G (IgG) antibody was mixed with 3 ml of 2.5% SE suspension in PBS. Then 0.3 ml of 2.5% glutaraldehyde solution was added with gentle stirring. The Plates were left for 2 h at room temperature (28°C). Each sample was tested twice. After washing, as described above, 50 ,u1 of CT rabbit antiserum (working dilution, 1:300) was added to all wells and plates were incubated for 2 h at room temperature. After another washing procedure, 50 ,ul of 0.0625% suspension of SE coupled with sheep anti-rabbit IgG antibody was added to each well. The plates were gently shaken (Titertek microplate shaker; Flow Laboratories S.A.) and then left undisturbed at room temperature for 6 to 8 h. The degree of erythroadsorption was assessed with the naked eye, as previously described by Guesdon et al. (28), by someone not acquainted with the technique. To determine the sensitivity of the GERIA, we tested in duplicate various dilutions of CT (CalbiochemBehring). The toxin was serially diluted twofold in PBS to yield concentrations ranging from 100 to 0.1 ng/ml. GM1 ELISA and VCA. The VCA was performed as previously described (18) . The GM1 ELISA was performed as previously reported (35) , except that commercially available purified GM1 ganglioside (ref. 345795; CalbiochemBehring) was used. The GERIA and the VCA were performed as blind experiments and results were compared afterwards.
Evaluation of the method. Quantitative correlation between GERIA and GM1 ELISA was determined by the Spearman rank correlation test. The methodological errors of the two tests were determined by duplicate testing and calculated by the equations Yd212n, d = (2(xl -x2)I(xl + x2), where xl and x2 represent the two values obtained with the same strain and n represents the number of strains tested. The method described by Hall and Sebag (29) was used to calculate the predictor and the indicator of the undiluted enterotoxin preparations.
The specificity of the GERIA was tested by heating all of the culture supernatants at 80°C for 30 min. To evaluate the reproducibility, the LT preparations were titrated twice the same day that they were tested with the GERIA.
In GM1 ELISA, VCA, and GERIA, the sensitivity levels for LT detection were tested by endpoint determination with serial twofold dilutions of E. coli E11940 culture supernatant.
RESULTS
GERIA. GM1 ganglioside was adsorbed by a V-shaped microtitration plate. As previously described (35, 45) , LT and CT bind with high affinity to GM1.
CT or LT bound to the solid surface was revealed by the addition first of rabbit anti-CT antibodies and second of SE carrying sheep anti-rabbit IgG antibodies on their surface (27, 28) . The binding of erythrocytes appeared as an even carpet covering the bottom and sides of the well. Erythroadsorption increased proportionally with the amount of toxin present and was maximal at 8 ng/ml. The lower the concentration of toxin, the smaller the number of bound erythrocytes and thus the larger the diameter of the pellet. At an intermediate concentration of 3 ng of CT per ml, the carpet was still observed, but as there remained unbound erythrocytes in the well, these fell to the bottom and formed Comparison of LT titers determined by GERIA and VCA (0) or GM1 ELISA (*) for culture supernatants of 45 LT' and 18 LT-E. coli strains from humans. Nineteen strains were GERIA and VCA negative; 17 strains were GERIA and GM1 ELISA negative. a visible pellet whose diameter was smaller than that of the negative control. At a concentration of 2 ng/ml, the carpet further diminished and the diameter of the pellet correspondingly increased. At lower concentrations, no carpet was observed and the pellet diameter was maximal, i.e., equal to that of the negative control. For test samples devoid of toxin, no antitoxin antibodies could bind and consequently no erythrocytes would bind (27, 28) . Table 1 gives the titration data. In the assay system where plates were incubated with CT standards, as little as 4 ng of CT per ml could be accurately titrated, even by someone unfamiliar with this method. For someone with greater experience in interpreting this type of assay, 2 ng of toxin could be distinguished from the negative control.
Comparison of GERIA with GM1 ELISA and VCA. The enterotoxin titers determined with GERIA and VCA were compared. Figure 1 shows the enterotoxin titers of the 63 overnight cultures (45 LT' and 18 LT-) tested with the two methods. The correlation between the results of the two tests was significant (Spearman rank correlation coefficient, 0.89; P < 0.001). In four cases enterotoxin was only identified with the GERIA. These strains were initially LT positive with the Y1 cells (37) and LT antibody neutralization, but not with ELISA (17) . In fact, the positive results were obtained with the GERIA by someone well acquainted with this method. A less experienced person interpreted the same result as negative. With another strain, the GERIA gave a titer about eightfold higher than the VCA. On the other hand, one strain initially LT negative gave positive results with both the GM1 ELISA (titer 2) and the GERIA (titer 1) but was negative with the VCA. Two initially LT-positive strains were GM1 ELISA positive (titer 3) but GERIA and VCA negative.
Evaluation of the method. Figure 1 shows that GM1 ELISA and GERIA gave very similar titers. There was a significant rank-order correlation between the two tests (Spearman rank correlation coefficient, 0.96; P < 0.001). The methodological errors of the GM1 ELISA and that of GERIA were, respectively, 3.7 and 4%. The accuracies of the titers of the GERIA and GM1 ELISA were quite similar as found by testing the 63 samples with both methods.
All LT preparations were titrated twice the same day with the GERIA. These experiments showed that the reproducibility of the GERIA is good, with a standard error of the mean of 4.2%. The predictor calculated from the data presented in Table 2 indicates that there was a 95% probability for a GM1 ELISA-positive strain being positive in the GERIA. The indicator was 100, so that all strains negative in the GM1 ELISA would also be negative with the GERIA. The overall agreement was 96%. The highest dilution of strain E11940 culture fluid that affected the morphology of Vero cells was sixfold, whereas in the GM1 ELISA and the GERIA LT was still detectable in 1:10 and 1:12 dilutions of the culture supernatants, respectively. Heating at 80°C for 30 min resulted in complete loss of activity as detected with the GERIA. titration of toxins by ERIA is based on the principle that sensitized erythrocytes added to wells will settle to form a pellet -at the bottom of the V-shaped wells which have not fixed antigen. In the wells which have fixed antigen, the sensitized erythrocytes will be adsorbed and will form an even carpet (27, 28) .
The GERIA is not quite as sensitive as other serological assays (9, 17, 24, 35, 41, 45, 48) but does not require the preparation of polymyxin B or other bacterial extracts for LT detection, as other methods do (17, 31, 35, 39, 48) . In contrast to other serological titration or identification tests, which often require biochemical purifications (9, 16, 24, 30, 31) , specific antibodies (16, 17, 30, 31, 32, 48) , radiolabeled reagents (24, 40, 41) , or enzyme-conjugated antibodies (3, 4, 9, 17, 33, 35, 45, 48) , the GERIA is simple to perform. No special equipment is needed and the reaction can be read with the naked eye. With the GERIA there is no need for cell cultivation equipment or experience in maintenance of cell lines, but as for the double-sandwich (17, 32, 48) or GM1 (9, 35, 45, 46) ELISA, the GERIA requires antibodies from two different species of animals, which may increase the risk of nonspecific reactions.
All components of the system, except rabbit anti-CT serum, which is simple to prepare, are commercially available, including the sheep anti-rabbit IgG antibody that we have prepared in this study. These properties are similar to those of the GM1 ELISA (29, 35, 45) . The GERIA is easy to standardize and automate; furthermore, it does not require enzyme-conjugated antibodies, which are much more expensive and delicate than tanned and sensitized erythrocytes. The reagents are stable and not hazardous and can be stored in dry form to facilitate transport. Though GERIA requires sensitization of erythrocytes, it is applicable to hemolysinproducing strains of E. coli, unlike the passive hemolysis assay (15, 39 Ganglioside GM1 is highly specific for LT and CT and has high affinity for binding to these toxins. The specificity of the GERIA is equivalent to that of the GM1 ELISA, and there was a good qualitative correlation between these two methods. The probable explanation of some of the discrepancies found in this study is that a person not well acquainted with the technique may interpret the titer as lower than a more experienced operator would. For example, two strains found to be positive with the GM1 ELISA were negative with the GERIA. Furthermore, the four strains that were positive on Y1 cells but GM1 ELISA and VCA negative were positive with the GERIA when results were read by an experienced operator. This fact is illustrated by both the relatively low predictor value and the distribution of the values towards the upper right part of Fig. 1 . The assay is reproducible and reliable as evident by the pattern obtained in duplicate runs of the samples.
Test samples collected from diarrheal patients in the pediatric section of the hospital were correctly diagnosed by the GERIA, and results were in complete agreement with those obtained with the GM1 ELISA. Eleven strains were LT positive and 138 were LT negative. Only one strain was VCA negative and GERIA and GM1 ELISA positive; this may reflect the greater sensitivity of the methods when GM1 is used as sorbent.
In spite of its slightly lower sensitivity, the GERIA yielded results comparable to those obtained with the methods of reference. Accurate and easy to perform, the GERIA is suitable for field laboratories and clinical application, particularly in developing countries where diarrhea remains a serious medical problem.
